Candida kuoi sp. nov., an anamorphic species of the Starmerella yeast clade that synthesizes sophorolipids
Sophorolipids are carbohydrate-based, amphiphilic biosurfactants that are of increasing interest for use in detergent formulations because they are considered to be environmentally benign (Van Bogaert et al., 2007) . In addition, sophorolipids are reported to have antimicrobial activity against fungi (Ito et al., 1980; Yoo et al., 2005) and bacteria (Mager et al., 1987; Lang et al., 1989) .
Sophorolipid biosynthesis has been demonstrated in Rhodotorula bogoriensis (Tulloch et al., 1968) , Wickerhamiella domercqiae (Chen et al., 2006) and the following members of the Starmerella clade: Candida apicola (Gorin et al., 1961) , Starmerella (Candida) bombicola (Spencer et al., 1970) , Candida batistae (Konishi et al., 2008) , Candida riodocensis (Kurtzman et al., 2010) , Candida stellata (Kurtzman et al., 2010) and Candida sp. NRRL Y-27208 (Kurtzman et al., 2010) . Detection of sophorolipid production by C. riodocensis, C. stellata and Candida sp. NRRL Y-27208 T arose from a study in which the majority of the species in the Starmerella clade were examined for production of glycolipids (Kurtzman et al., 2010) because these previous studies indicated that this clade might be rich in species that synthesize these compounds. The genus Starmerella has just two described species, S. bombicola and S. meliponinorum, but phylogenetic analysis of the D1/D2 domains of the large subunit (LSU) rRNA gene sequences has demonstrated that the clade is large because it is heavily populated by species of the genus Candida (Lachance, 2011) .
During our examination of species of the Starmerella clade for production of sophorolipids, the identity of each strain was verified using D1/D2 LSU rRNA gene sequence analysis. In the present study, strain NRRL Y-27208 T , which had been received in 1998 from the Centraalbureau voor Schimmelcultures as CBS 7267 and identified phenotypically as Candida bombicola, was re-examined and found to represent a novel species. Strain NRRL Y-27208 T was isolated from concentrated grape juice in Cape Province, South Africa, by J. P. van der Walt and had been deposited in the CBS with the strain number CSIR Y1060.
Composition of the culture media used for the present study and procedures for conducting growth and sugar fermentation tests were performed using standard procedures (Kurtzman et al., 2011) . Growth tests were conducted in liquid media and incubated at 25 u C for 4 weeks. Strains were examined for ascosporulation on the following agar media incubated at 17 and 25 u C: YM (3 g yeast extract, 3 g malt extract, 5 g peptone, 10 g glucose and 20 g agar per litre water), 1 % malt extract agar, 5 % malt extract agar, RG (0.2 g yeast extract, 0.2 g peptone, 1.0 g glucose and 20 g agar per litre water) and YCBAS (11.7 g Difco Yeast Carbon Base, 0.1 g ammonium sulfate and 18 g agar per litre water). Methods for DNA isolation and sequencing of the D1/D2 LSU rRNA genes were used as described previously (Kurtzman & Robnett, 1998) . Briefly, following DNA isolation, the D1/D2 domain was amplified by PCR and the resulting amplicons were sequenced using the ABI BigDye Terminator Cycle Sequencing kit (Applied Biosystems) and an ABI 3730 automated DNA sequencer according to the manufacturer's instructions. For phylogenetic analysis, sequences were visually aligned. Phylogenetic relatedness among species was determined using the maximum-parsimony and neighbour-joining programs of PAUP* 4.063a (Swofford, 1998) . Bootstrap support for the phylogenetic trees was determined from 1000 replicates. The species included for comparison and their GenBank accession numbers are given in Fig. 1 sequences in GenBank, there was no analysis of additional gene sequences. However, multi-strain comparisons for some of the species in the present study showed essentially no intra-species variation in the D1/D2 region. The two strains of C. apicola differed by one nucleotide, but strains of Candida zemplinina, Candida lactis-condensi, Candida etchellsii and Candida magnoliae showed no differences in their D1/D2 LSU rRNA gene sequences (Fig. 1) . Of the neighbouring species (Fig. 1) , strain NRRL Y-27208 T differed from S. bombicola NRRL Y-17069 by 20 nt substitutions and 1 indel, and from Candida sp. AS 2.4033 by 12 substitutions and 1 indel. Resolution for the D1/D2 rRNA gene sequences was estimated previously from species that had been circumscribed from nuclear DNA reassociation reactions and it was determined that separate species usually differ from one another by ¢1 % nucleotide substitutions (Kurtzman & Robnett, 1998 T represented a species distinct from currently described species. In view of these comparisons, NRRL Y-27208
T represents a novel species of the Starmerella clade, for which the name Candida kuoi sp. nov. is proposed.
The genus Starmerella comprises just two described species but more than 40 species of the genus Candida are recognized as members of this clade as a result of gene sequence analysis ( Fig. 1 ; Lachance, 2011; Lachance et al., 2011a) , the majority of which are associated with flowers and bees. The Starmerella clade is a rich source of species that can synthesize sophorolipids, which are composed of the sugar sophorose and a lipid, such as oleic acid. Sophorolipids are viewed as safe and environmentally sparing components for formulation of detergents (Van Bogaert et al., 2007) . Six species of the Starmerella clade are now known to produce sophorolipids: C. apicola, S. (Candida) bombicola, Candida batistae, C. riodocensis and C. kuoi. In contrast to the closed chain sophorolipids produced by C. apicola and S. bombicola, C. batistae, C. kuoi, C. riodocensis and C. stellata synthesize an open chain form that has somewhat different detergent properties (Kurtzman et al., 2010; Price et al., 2012) . As shown in Fig. 1 , the Starmerella clade is composed of two distinct subclades based on D1/D2 LSU rRNA gene sequences. Whether or not this dichotomy is present in other gene trees needs to be determined. However, the larger subclade in Fig. 1 includes the two known species of the genus Starmerella as well as species of the genus Candida that produce sophorolipids, whereas species of the smaller subclade did not produce sophorolipids (Kurtzman et al., 2010) . Consequently, newly described species that are members of the S. bombicola subclade are likely to be potential producers of sophorolipids. A cautionary note to this prediction is that although C. apicola NRRL Y-2481 produced a high yield of sophorolipids, the sparingly divergent C. apicola strain NRRL Y-6688 was a non-producer of these compounds (Kurtzman et al., 2010) .
Species of the Starmerella clade assimilate relatively few compounds on standard growth tests used for yeast identification (Lachance, 2011; Lachance et al., 2011a) . Because some species differ from one another on only one or two tests and data are unavailable for species found only as a GenBank listing, it is recommended that species identification be based on gene sequence comparisons.
The use of gene sequence comparisons has provided a rapid means for identifying species. Based on D1/D2 LSU rRNA gene sequences, species usually differ from one another by ¢1 % nucleotide substitutions (Kurtzman & Robnett, 1998) . However, exceptions to this prediction for the D1/D2 region have been found. Meyerozyma guilliermondii and Candida carpophila differ by a single nucleotide but show 55 % nuclear DNA relatedness as measured by DNA-DNA reassociation (Vaughan-Martini et al., 2005) , which suggests that the two taxa represent separate species. In contrast, Trichosporon montevideense and Trichosporon domesticum are easily separated by differences in their D1/ D2 LSU rRNA gene sequences but, unexpectedly, they cannot be distinguished from one another based on ITS sequences, another sequence commonly used as a diagnostic tool (Scorzetti et al., 2002) . Furthermore, in a study of Clavispora lusitaniae, Lachance et al. (2003) reported strain-specific D1/D2 polymorphisms that were sufficiently great to render strain identification uncertain. From these examples, it appears that substitution rates in gene sequences vary among lineages and that as yet unexplained intraspecific polymorphisms can also occur. Both of these possibilities cause uncertainty when trying to separate species based on gene sequence analysis, especially if the species are closely related.
One solution to the problems of interpretation of genetic resolution provided by nucleotide differences in commonly used diagnostic sequences, such as D1/D2 and ITS, is to examine divergence in other genes and determine if there is congruence among these gene sequences. Lachance et al. (2011b) used parsimony haplotype network analysis of combined D1/D2 and ITS sequences to examine strain diversity in members of the genera Metschnikowia and Starmerella. This method provided a strong statistical assessment of strain relationships from D1/D2 and ITS sequences and can also be applied to analysis of other genes. One part of the study by Lachance et al. (2011b) included 39 strains that were tentatively identified as S. bombicola, 36 of which were identified by parsimony haplotype network analysis as being conspecific. The most divergent strain pair of the group that was determined as conspecific differed by seven D1/D2 nucleotide substitutions. When crossed, divergent strains formed ascospores that appeared mature. C. kuoi NRRL Y-27208 T fell outside the limits of the described species that were examined and failed to mate when tested against the complementary mating types used in the study. Gene sequence analysis represents the most accurate means available for species identification. However, problems in data interpretation arise when the analysis includes divergent strains that may be either conspecific or members of closely related species.
Latin diagnosis of Candida kuoi Kurtzman sp. nov.
In agaro YM post dies 2 ad 25 u C, cultura butyrosa et glabra est. Cellulae ellipsoidae, 1.5-462-5 mm, singulae, binae et faciculae sunt. In agaro morphologico post dies 7 ad 25 uC, nec pseudohyphae nec hyphae formantur. Ascosporae nonformantur. Glucosum, sucrosum et raffinosum ( Candida kuoi (ku.o9i. N.L. gen. n. kuoi, in honour of the late Tsung-Min Kuo, a well-recognized biochemist, National Center for Agricultural Utilization Research, ARS, USDA, Peoria, Illinois, USA).
After 2 days at 25 u C on YM agar, cells divide by multilateral budding and are ellipsoidal, 1.5-462-5 mm and occur singly, in pairs or in small clusters (Fig. 2) . Colonies are white, butyrous to somewhat mucoid and have a smooth glistening surface. After 7 days at 25 u C on yeast morphology agar, cultures grown under the coverglass of a Dalmau plate have neither hyphae nor pseudohyphae. Grown under aerobic conditions, colonies are white, butyrous and glistening with a depressed centre and a smooth to infrequently lobulate margin. Ascosporulation is absent in cultures that were incubated at 17 and 25 u C on the following agar media: YM, 1 % malt extract, 5 % malt extract, RG and YCBAS. Cultures were initially examined for ascospores at 3 days and then at weekly intervals for 1 month. Starmerella bombicola and S. meliponinorum are the only two ascosporogenus species among the 40-plus species found in the Starmerella clade and both species are heterothallic and 
Strain NRRL Y-27208
T was designated the type strain and is preserved as a lyophilized preparation in the ARS Culture Collection, National Center for Agricultural Utilization Research, Peoria, Illinois, USA, and as CBS 7267 T at the Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands. The strain was deposited at CBS by J. P. van der Walt and was isolated from concentrated grape juice from Cape Province, South Africa. 
